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SECTION  I 
INTRODUCTION 

It  is  of  utmost  importance  to  develop  new  techniques  capable  of 
effectively  reducing  the  afterbody  drag  of  single  engine  fighter  or 
engine  nacelles  of  aircraft  performing  in  the  transonic  range.  It  has 
been  determined  that  boattail  and  base  injection,  properly  used,  can 
substantially  reduce  the  afterbody  drag  levels  of  slender  bodies  of 
revolution  in  the  supersonic  regime  (References  1,2).  Consequently  an 
investigation  was  initiated  in  the  Air  Force  Flight  Dynamics  Laboratory 
to  determine  whether  the  same  effects  would  be  obtained  in  the  transonic 
regime.  Preliminary  results  for  boattail  injection  (Reference  3),  using 
a circular-arc  boattail  with  a boattail  average  angle  of  10°,  showed  a 
favorable  effect  on  the  drag  coefficient  by  injecting  small  amounts  of 
air  in  the  Mach  number  range  of  0.8  to  0.95.  Additional  experimental 
tests  have  been  performed  on  boattails  of  different  shapes  and  angles 
to  confirm  and  validate  the  previous  results  and  also  to  determine  the 
effect  of  different  parameters  such  as  location,  area,  and  rate  of 
injection,  as  well  as  boattail  shape  and  angle,  nozzle  pressure  ratio, 
jet  diameter,  and  Reynolds  number.  The  testing  technique  of  jet  flow 
simulation  by  means  of  a cone  frustum-sting  combination  was  used  in  the 
experiment. 
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SECTION  II 

EQUIPMENT  AND  TEST  DESCRIPTION 

The  experiment  was  performed  at  the  Trisonic  Gasdynamics  Facility 
of  the  Air  Force  Flight  Dynamics  Laboratory  (Reference  4).  The  closed 
circuit  wind  tunnel  in  the  facility  can  be  operated  in  the  subsonic, 
transonic,  or  supersonic  regimes.  The  transonic  configuration  was  used 
for  the  present  experiment.  The  size  of  the  tunnel  test  section  is 
15"  X 15".  The  open  area  of  the  four  slotted  walls  used  can  be  varied 
continuously  over  a porosity  range  from  4%  to  12%.  The  present  tests  used 
a nominal  porosity  of  10%.  The  slotted  side  walls  can  be  replaced  by 
solid  side  walls  with  optical  flat  inserts  to  allow  for  schlieren  photog- 
raphy. The  tests  were  conducted  at  Mach  0.8  to  0.95,  at  a tunnel  stag- 
nation temperature  of  560°R  and  stagnation  pressures  of  2000  and  3000  psf 
which  approximately  correspond  to  Reynolds  numbers  of  8.3  x 10^  and 
13.4  X 10^  based  on  the  model  length.  The  tests  were  performed  at  zero 
angle  of  attack  on  a sting  mounted,  axi symmetric  ogive-cylinder  model 
with  three  different  boattails  (Figures  1-7).  The  maximum  model  diameter 
was  3".  The  three  interchangeable  boattails  of  different  shape  and  angle 
tested  were;  a circular-arc  boattail  with  a nominal  average  angle  of 
10°  and  a terminal  angle  of  15°;  a cut-off  version  of  the  nozzle  afterbody 
used  for  the  B-1  aircraft  engines  with  a nominal  average  angle  of  14°  and 
a terminal  angle  of  20°;  and  a conical  boattail  with  an  angle  of  25°. 

The  boattails  were  equipped  with  four  to  12  static  pressure  taps  distributed 
circumferentially  and  longitudinally,  and  two  to  three  rows  of  36  in- 
jection ports  per  row  (Table  1).  Additional  pressure  taps  were  located 
in  the  base  region.  The  boattail  coordinates  are  given  in  Figure  2. 

The  injection  air  was  supplied  through  the  rear  sting  to  a settling 
chamber  inside  the  boattail. 

In  Reference  5,  a correlation  between  the  effects  of  the  support 
sting-cone  frustum  combination  on  base  pressure  variation  and  the  effects 
of  a real  jet  plume  was  obtained.  Based  on  this  correlation,  a cone 
frustum  of  20°  angle  and  2.75"  axial  length,  L^,  acted  as  plume  simulator 
ana  could  be  positioned  over  the  sting  at  different  distances  from  the 
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boattail  end  (Figures  4 and  5).  The  sting  diameter  could  also  be  varied 
using  sleeves  of  different  diameters  (Figures  1,  6,  and  7).  The  jet  flow 
for  a nozzle  pressure  ratio  (NPR)  of  approximately  2,  which  represents  a 
fully  expanded  sonic  flow  at  the  exit  of  a convergent  nozzle,  was  simu- 
lated by  the  support  sting  without  the  frustum.  The  base  pressure 
variation  due  to  the  sting  for  constant  model  diameter  is 


AC 


3C 


(D  /Du)' 
s o 


3(D  /D  )' 
s b 


Similarly,  the  variation  due  to  the  jet  is 


(1) 


“b|  “jVm 


(2) 


The  right  hand  side  terms  of  Equation  2 have  been  obtained  as  functions 
of  NPR  by  correlation  with  flight  tests.  Equating  the  pressure  variation 
of  the  sting  to  that  caused  by  the  jet  yields  a correspondence  between 
sting  and  jet  diameter,  which  is  shown  in  Table  2.  Note  that  the  base 
pressure  variation  due  to  jet  effects  consists  of  two  terms.  One  is  due 
to  the  jet  flow,  the  other  AC  (D.=0),  is  the  hypothetical  contribution 

Pb  J 

when  the  jet  diameter  is  reduced  to  zero. 


Even  though  the  wind  tunnel  simulation  produces  the  same  base 
pressure  as  a real  jet,  the  drag  coefficient  obtained  with  the  sting  is 
different  from  the  one  obtained  with  the  jet  due  to  the  difference  in  the 
effective  base  area. 


Then,  in  general 


nCD?  - D^)  ^ nil)}  - dJ) 
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Both  drag  coefficients  are  listed  in  this  report  but  the  present  parametric 

study  is  mainly  based  on  experimentally  obtained  values  of  Cp, 

‘^A,s 
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For  NPR>2  the  simulation  was  accomplished  by  positioning  the 
frustum  on  the  sting  at  different  distances  from  the  model  while  holding 
the  sting-diameter  fixed  at  1".  The  effect  of  the  frustum  on  the  base 
pressure,  given  in  Reference  5,  is  obtained  by  adding  the  following  term 
to  the  right  hand  side  of  Equation  1: 

® ^ 

+ (Jt/r^)3^  + Z^] 

- slnh  (^)] 


+ tan  6 


[„„h  * (t/r.l 


where  Z is  a function  of  Mach  number. 


The  term  8c  of  Equation  1 

Pb 

3(D  /D 

8 D 


is  plotted  in  Figure  8 versus  boattail 


terminal  angle  and  its  value  seems  to  have  little  dependence  on  Mach 
number  in  the  range  of  the  present  experiment  and  is  consistent  with 
the  value  of  Reference  5,  except  for  6^=25°,  (conical  boattail).  As 
will  be  seen  later,  the  flow  over  the  25°  conical  boattail  separates  and 
therefore  the  base  pressure  is  not  significantly  affected  by  changes  in 
the  sting  diameter.  This  is  one  of  the  limitations  of  the  correlation 
of  Reference  5 which  is  valid  for  attached  flows  only  and  for  zero  base 
bleed.  Also,  conical  boattails  do  not  correlate  well  with  simulation 
results  obtained  on  different  boattail  shapes.  Table  3 shows  the 


correspondence  between  NPR,  AC  , Z,  D , D.  for  each  boattail  used. 

Pb  s j 

For  the  conical  boattail,  8^=25°,  the  value  of  Reference  5 for  aCp 
was  used  and  the  results  for  NPR  should  be  taken  with  some ^ 


reservation. 


The  model  blockage  was  approximately  3%.  The  base  was  equipped 
with  two  pressure  taps  and  36  more  pressure  taps  were  mounted  in  the 
wall  and  in  the  diffuser  to  check  for  possible  wall  interference. 
Tunnel  wall  static  pressures  were  connected  to  the  Hg  manometer  board 
to  monitor  the  wind  tunnel  pressure  levels.  The  model  pressure 
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transducers  were  connected  to  a Hewlett  Packard  2100  on-line  computer  for 
calculation  of  the  afterbody  pressure  and  drag  coefficients  (Diagram  1). 

The  mass  flow  system  provided  the  secondary  flow  for  air  injection. 
The  orifice  used  in  the  system  was  0.36247"  in  diameter.  Two  equations 
were  used  to  calculate  the  mass  flow  rates,  namely 


ih=kp  (y/RT  ) ^ gA 
'’l 


(Ibm/sec) 


for  choked  flow  and 


m=A  p \ — - — X- 

°1  I "o,<' 


(Y-1) 


Po  p.  T+i 

Y -l]  g/(_^)  ^ 


for  unchoked  flow 
where 


0.579 

stagnation  pressure  ahead  of  orifice,  psia 

pressure  behind  orifice,  psia 

stagnation  temperature  ahead  of  orifice,  °R 

gas  constant,  1716  ft^/sec^°R 

specific  heat  capacity  ratio,  1.4  for  cold  air 

2 

acceleration  of  gravity,  ft/sec 

2 

choked  orifice  area,  in 
2 

on f ice  area,  in 


(5) 


(6) 


The  pressure  and  temperature  data  from  the  mass  flow  system  were 
directly  fed  to  the  Hewlett  Packard  computer  for  the  calculation  of  the 
injected  mass  flow.  The  sequence  of  signal  inputs,  their  conditioning 
and  the  resultant  outputs  are  shown  in  Diagram  1. 
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A test  matrix  was  assembled  to  test  different  configurations: 
air  injection  for  the  three  boattails  was  varied  from  0.033  to  0.114 
Ibm/sec.  When  the  correct  wind  tunnel  and  injection  conditions  were 
attained,  the  data  acquisition  system  was  triggered  (Diagram  1). 

It  will  be  seen  later  that  the  injection  rate  that  gave  the  best  drag 
reduction  was  between  0.03  and  0.06  Ibm/sec,  which  corresponds  to  about 
1%  to  3%  of  the  mass  flow  captured  by  a stream  tube  of  area  equal  to  the 
model's  maximum  cross-sectional  area. 
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SECTION  III 
RESULTS 


1.  DRAG  COEFFICIENT  EQUATIONS 

Experimental  data  were  obtained,  reduced,  and  analyzed.  The  pressure 
coefficients  for  different  configurations  were  plotted  in  order  to  in- 
vestigate the  effects  of  mass  injection,  Mach  number,  plume  simulator, 
and  sting  diameter  on  the  flow  field  and  on  the  drag  coefficient.  The 
purpose  of  using  different  configurations,  injection  locations,  and  mass 
fluxes  was  to  find  those  for  which  the  overall  integrated  boattail  and 
base  pressure  would  give  a drag  reduction. 

The  afterbody  pressure  drag  coefficient  was  calculated  using  the 
following  equations 


where 


dx 


«b  - 


or,  if  the  jet  flow  is  considered. 


where 


For  the  circular-arc  boattail 


C - 

Pe 


2 TT  r dr 
dx 


Y/2  Pji 


(7) 

(8) 

(9) 

(10) 

(11) 


(12) 

(13) 
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- 2 - 2 

r = -(  P^-r^)  +(P^  -X  ) 

- _ _ 2 1/2 
r = -(p  -r  ) +fp  -1) 
b o o o 


(14) 

(15) 


The  barred  quantities  are  nondimensional ized  with  respect  to  the  boattail 
axial  length,  in  this  case  = 3.024".  The  boattail  radius  of  curvature 
is  Pp=10.971",  and  r^=1.5". 

Therefore 


C C r C X dx 

\b  M pb  , 

' O P^  - X 


lx  - ( C X dx  - 


- 2 


1/2 


( C-(2Po-®M^  2fp„  -1)  3 


(16) 


where  0^=25.457568  and  02=8.128513 

For  the  cut-off  B-1  boattail,  a curve  fit  was  obtained  for  r=f(x),  viz. 

+ CjX  ^ (17) 

where  Lg=1.905",  0^=0.78547,  02=  -0.084826,  63=  -0.13249 


Therefore 


=D  --S-  (‘ 

A.s  52) 

' n 


- 2, 


Cp  (C^+C^x+CgX  )(C2+2C3x)dx 


- C [(C  +C,+C  - 5 ^/A] 

p.  1 2 3 s 


(18) 


For  the  conical  boattail  (3=25®) 


r»l  (D„  - 2x  tnn  B) 
2 ” 


(19) 


where  L„=0.922 
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2.  CIRCULAR-ARC  BOATTAIL  PRESSURE  DISTRIBUTIONS 

a.  Mass  Injection 

Figures  9 through  16  show  the  influence  of  mass  injection  on  the 
pressure  distribution  and  on  the  drag  coefficient  at  free-stream  Mach 
numbers  from  0.8  to  0.95,  a NPR  of  2,  and  a sting  diameter  of  1".  In 
general  the  injection  attenuates  the  expansion  of  the  flow  over  the  boat- 
tail  shoulder  ahead  of  the  injection  ports  but  it  degrades  the  recompres- 
sion process  on  the  terminal  section  of  the  boattail.  The  rate  of 
injection  is  of  critical  importance  in  producing  drag  reduction  or  in- 
crease. In  Figures  9 and  10,  an  injection  rate  of  0.033  Ibm/sec  produces 
a drag  reduction  while  increasing  the  injection  rate  increases  the  drag. 

An  examination  of  the  pressure  distribution  shows  that,  for  the  lower 
injection  rates,  the  injected  flow  produces  a mild  compression  in  front 
without  causing  a large  separated  region  behind.  The  extent  of  the 
supersonic  pocket  is  therefore  reduced.  At  higher  rates,  the  expansion 
over  the  boattail  shoulder  is  at  first  favorably  reduced  but  the  expansion 
peak  reaches  an  even  lower  value.  This  lower  peak  occurs  immediately 
after  the  injection  ports,  revealing  the  occurrence  of  vortical  flow  with 
an  extended  separated  region  produced  by  the  lateral  jet  issuing  into  the 
embedded  supersonic  field.  Then,  a stronger  reattachment  shock  takes 
place. 

b.  Reynolds  Number 

The  effect  of  Reynolds  number  is  shown  in  Figures  17  through  20. 
The  difference  in  the  pressure  distribution  at  Re.  ~ 8.5  x 10®  and 

g L 

13  X 10  is  small  for  any  NPR  and  is  mainly  seen  in  the  value  of  the 
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base  pressure  and  at  x=2.25".  It  is  possible  that  the  pressure  tap  at 
this  location  did  not  work  properly  since  the  value  of  the  drag  coeffi- 
cient at  M =0.8  is  higher  than  the  drag  coefficient  at  M =0.85  for 
Re^^=8.3  X 10°  (Figures  17  and  18)  and  this  is  incompatible  with  the  well 
known  results  of  increasing  drag  coefficient  with  increasing  Mach  number 
for  attached  flows  in  this  Mach  number  range.  Except  for  M^=0.8,  there 
is  an  increase  in  drag  coefficient  with  increasing  Rej^.  In  Reference  6 
it  is  stated  that  this  increase  in  the  afterbody  region  is  cancelled  by 
a drag  decrease  in  the  forebody  so  that  it  is  necessary  to  consider  the 
overall  pressure  drag  to  show  that  it  is  independent  of  Reynolds  number. 
This  result,  however,  has  recently  been  questioned.  Other  results  have 
shown  that  the  boattail  drag  is  not  affected  by  the  Reynolds  number 
(Reference  7).  However,  the  Re.  range  considered  is  much  wider 
than  the  present  range,  up  to  43  x 10  , and  the  base  drag  is  not 
considered. 

It  is  important  to  state  that,  in  the  present  experiment,  the 
boundary  layer  flow  is  naturally  turbulent  over  the  afterbody  for  both 
Rej^.  It  is  then  correct  to  assume  that  in  the  present  small  Rej^  range, 
the  boundary  layer  does  not  alter  appreciably  the  external  pressure 
distribution. 

c.  Mach  Number 

The  effect  of  Mach  number  on  the  pressure  distribution  is  shown 
in  Figures  21  and  22.  An  increase  of  the  free-stream  Mach  number  usually 
results  in  a stronger  expansion  over  the  boattail  shoulder  creating  a 
higher  drag  coefficient.  From  M^=0.85  to  0.95  the  supersonic  pocket 
increases  in  size  and  higher  shock  losses  occur.  These  losses  are 
partially  compensated  by  a greater  subsonic  recompression  on  the  boattail 
terminal  section. 

d.  Injection  Location  and  Area 

Previous  tests  (Reference  3)  have  shown  that  for  those  small 
injection  rates  that  produce  drag  reduction,  a further  reduction  can  be 
obtained  when  the  injection  ports  are  concentrated  near  the  boattail 
shoulder  instead  of  being  uniformly  distributed  over  the  boattail 


AFFOL-TR-78-57 


(Figures  23  and  24).  In  addition,  reducing  the  injection  area  at  low 
injection  rates  increases  the  momentum  of  the  injected  flow,  which 
reduces  the  expansion  over  the  boattail  shoulder  with  consequent  drag 
decrease. 

e.  Nozzle  Pressure  Ratio 

The  nozzle  pressure  ratio  (NPR)  influences  considerably  the 
boattail  pressure  distribution  and  the  base  pressure.  The  expansion 
over  the  boattail  shoulder  becomes  weaker  and  the  recompression  over 
the  boattail  terminal  section  and  in  the  base  region  becomes  stronger 
with  increasing  NPR  (Figure  25).  This  effect  is  verified  at  Mach 
numbers  and  Reynolds  numbers  between  M^=0.9  and  0.95  and  Re|^=8.3  x 10^ 
and  13.4  x 10®. 

Figures  26  through  33  show  the  effect  of  mass  injection  for  NPR 
from  3.62  to  4.26.  The  same  results  as  reported  for  NPR=2  in  Section 
III-2,a  are  obtained,  namely  a drag  reduction  is  experienced  at  low 
injection  rates  followed  by  a drag  increase  at  higher  rates.  However, 
for  NPR>2,  the  drag  reduction  obtained  with  injection  is  higher  than  the 
one  obtained  for  NPR=2,  up  to  12%  instead  of  about  5%. 

Figures  34  and  35  show  the  effect  of  mass  injection  at  NPR=5.45. 
At  this  high  NPR,  a thrust  is  experienced  in  the  afterbody  region.  In 
this  case,  the  injection  is  not  beneficial  producing  a decrease  in  thrust. 

f.  Sting 

Figures  36  through  41  show  the  pressure  distributions  when  the 
sting  diameter  is  increased.  Qualitatively,  the  distributions  are 
similar  to  those  obtained  with  the  1"  diameter  sting.  The  injection  at 
first  decreases  the  expansion  over  the  boattail  shoulder  but  weakens  the 
recompression  on  the  boattail  terminal  part.  Increasing  injection  rate 
increases  the  shoulder  expansion.  Consequently  the  drag  coefficient 
decreases  for  low  injection  rates  while  it  increases  for  higher  rates. 

Quantitatively,  the  overall  drag  levels  are  reduced  with  bigger 
sting  sizes.  The  sting  simulates  the  jet  diameter  and,  therefore,  the 
volumetric  jet  flow.  An  increase  in  sting  size  decreases  the  boattail 
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shoulder  expansion  and  increases  the  recompression  on  the  terminal  part 
of  the  boattail  and  the  base  pressure  (Figures  42  through  44).  The  bene- 
ficial effect  is  experienced  at  any  injection  rate. 

3.  CUT-OFF  B-1  BOATTAIL  PRESSURE  DISTRIBUTIONS 

a.  Mass  Injection 

A pattern  somewhat  different  than  the  circular-arc  boattails  is 
seen  in  the  pressure  distributions  of  the  cut-off  B-1  at  NPR=2  (Figures 
45  through  52).  In  the  case  of  supersonic  flow  occurring  on  the  boattail, 
when  the  mass  injection  is  used,  the  extent  of  the  supersonic  pocket  is 
larger  than  the  one  that  develops  on  the  circular  arc  boattail.  This  is 
due  to  the  different  location  and  area  of  injection,  three  rows  of  in- 
jection extending  downstream  up  to  about  1"  from  the  boattail  end  (Figure 
45)  while  for  the  circular-arc  only  two  rows  extending  downstream  up  to 
about  2"  from  the  boattail  end  (Figure  9).  The  separation  and  reattach- 
ment shocks  generated  by  the  injection  are  farther  apart  and  the  separated 
flow  region  is  larger.  These  phenomena  consequently  produce  stronger 
shock  and  separation  losses  and  a drag  increase  with  injection  even 
though  the  base  pressure  at  times  rises  with  it.  Clearly  the  pressure 
distribution  of  Figure  46  shows  a strong  compression  with  subsequent 
expansion,  at  x^l"  caused  mainly  by  the  air  injected  from  the  third  row 
of  injection  ports.  The  effect  of  injection  seems  to  be  detrimental  when 
used  with  this  particular  boattail  shape,  except  in  sporadic  cases 
(Figure  51 ). 

b.  Reynolds  Number 

As  in  the  case  of  the  circular-arc  boattail,  the  Reynolds  number, 
in  the  range  of  the  present  experiment,  has  little  effect  on  the  pressure 
distribution  for  any  NPR  (Figures  53  through  56),  except  at  the  shoulder 
expansion  and  on  the  value  of  the  base  pressure.  Again,  except  at  M^=0.8 
where  an  increase  in  Reynolds  number  produces  lower  drag,  a higher 
Reynolds  number  produces  higher  drag  in  the  Mach  number  range  of  M^=0.85 
to  0.95. 
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c.  Mach  Number 

The  Mach  number  effect  on  the  pressure  distribution  (Figure  57) 
is  the  same  as  for  the  circular-arc  boattail.  The  increase  of  Mach 
number  produces  a stronger  boattail  shoulder  expansion,  a bigger  super- 
sonic pocket  and  a drag  increase. 

d.  Injection  Location  and  Area 

As  mentioned  in  Section  III-3,a,  the  location  and  area  of  in- 
jection for  the  cut-off  B-1  boattail  is  not  very  favorable  inasmuch  as  it 
generally  produces  a drag  increase  at  all  Mach  numbers. 

e.  Nozzle  Pressure  Ratio 

Figure  58  shows  the  effect  of  NPR  on  the  pressure  distribution. 
As  for  the  circular-arc  boattail,  a higher  NPR  produces  a better  boattail 
recompression  and  a higher  base  pressure.  Consequently  the  drag  coeffi- 
cient is  reduced. 

Figures  59-68  show  that  at  any  NPR>2  and  up  to  5.18,  mass  in- 
jection produces  a drag  increase  as  was  the  case  for  NPR=2. 

f.  Sting 

The  sting  size  does  not  change  qualitatively  the  pressure  dis- 
tribution with  or  without  injection  (Figures  69  through  74).  The  plots 
are  similar  to  those  for  D^=l"  (Figures  45  through  52,  Section  III-3,a). 

The  increase  in  sting  size  produces  a compression  over  the 
boattail  and  an  increase  in  base  pressure  (Figures  75  through  77).  The 
values  of  the  drag  coefficient  are  consequently  reduced. 

4.  CONICAL  BOATTAIL  PRESSURE  DISTRIBUTIONS 
a.  Mass  Injection 

The  pressure  distributions  for  the  conical  boattail  are  shown 
in  Figures  78  through  85.  Because  of  the  high  boattail  angle,  B=25°,  an 
incipient  separation  is  detected  for  M^=0.8  and  m=0  downstream  of  the 
boattail  shoulder  (Figure  80).  This  is  confirmed  by  the  inflection  of 
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the  pressure  distribution  over  the  boattail  terminal  section,  signifying 
a brief  lack  of  recompression.  For  M_^>0.8,  the  flow  is  fully  separated 
and  no  recompression  occurs. 

When  mass  injection  is  used,  a drag  reduction  is  obtained 
inasmuch  as  the  injection  energizes  the  flow  in  the  separated  region 
and  delays  separation;  even  though  the  expansion  over  the  shoulder  is 
bigger,  a stronger  recompression  occurs  downstream.  As  reported  in 
Reference  8,  gas  injection  in  a separated  region  is  always  beneficial 
and  reduces  the  drag  levels. 

b.  Reynolds  Number 

Figures  86  through  89  show  the  effect  of  Reynolds  number  on  the 
pressure  distributions  for  NPR=2.  The  pressure  distribution  for  M^=0.8 
and  Pq=2000  (Figure  86)  seems  to  be  in  error  as  was  the  case  for  the 
other  boattails.  The  drag  obtained  is  too  high  to  be  acceptable.  As 
will  be  seen  later  its  value  is  much  higher  than  the  one  obtained  for 
M =0.95. 

oo 

The  other  distributions  show  little  Reynolds  number  effect  but 
it  should  be  noted,  that  contrary  to  the  results  for  the  other  boattails, 
the  drag  values  are  lower  for  the  higher  Reynolds  numbers. 

Reynolds  number  effects  for  NPR>2  will  be  discussed  later  on 
in  Section  III-4,e. 

c.  Mach  Number 

Figures  90  and  91  show  that  the  Mach  number  influence  on  the 
pressure  distribution  is  much  smaller  than  it  was  for  the  other  two 
boattails  for  NPR=2.  This  is  due  to  the  fact  that  the  flow  is  separated 
and,  therefore,  the  amount  of  shoulder  expansion  does  not  increase  with 
Mach  number  any  more.  Excluding  the  erroneous  value  for  M^=0.8  and 
Pi^=2000  mentioned  before,  the  drag  coefficient  rise  with  Mach  number 
is  small. 
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For  NPR>2,  the  drag  coefficient  actually  decreases  with  as 
it  will  be  seen  later.  This  is  attributed  to  the  earlier  boattail 
separation  occurring  at  higher  NPR.  When  the  local  boattail  flow  is 
subsonic,  there  is  little  change  in  the  drag  coefficient,  but  when  the 
local  flow  is  supersonic,  as  in  the  case  of  M^=0.95,  an  earlier 
separation  produces  a drag  decrease. 

d.  Injection  Location  and  Area 

The  location  and  area  of  injection  do  not  influence  the  pressure 
distribution  and  the  drag  values  as  long  as  the  gas  is  injected  in  the 
separated  flow  region. 

e.  Nozzle  Pressure  Ratio 

Figure  92  shows  the  effect  of  NPR  on  the  pressure  distribution. 

As  for  the  other  two  boattails,  a higher  NPR  gives  rise  to  a better 
boattail  recompression  and  higher  base  pressure.  For  the  conical  boat- 
tail,  an  NPR  of  5.42  eliminates  almost  completely  the  expansion  over  the 
shoulder  and  the  base  pressure  becomes  higher  than  free-stream. 

Figures  93  through  102  show  that,  for  NPR>2,  small  mass  injection 
produces  a drag  reduction.  For  high  mass  fluxes,  m>0.066,  a reversal 
takes  place  and  the  drag  increases  again  (Figures  97,  101,  and  102). 

It  is  important  to  notice  that,  at  high  NPR,  mass  injection 
produces  a reattachment  of  the  flow  field  for  the  lower  Reynolds  number 
cases  (Figures  97  and  101)  while  leaving  the  flow  separated  at  higher 
Reynolds  number  (Figure  102).  The  Reynolds  number  effect  is  thus  evident. 

f.  Sting 

As  for  the  other  boattails,  the  sting  size  does  not  alter 
qualitatively  the  pressure  distributions  (Figures  103  through  108).  The 
increase  in  sting  size  produces  a better  boattail  recompression  with 
consequent  drag  reduction  (Figures  109  through  111). 
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5.  BASE  PRESSURE  LEVELS  AND  AFTERBODY  DRAG  COEFFICIENTS 

The  base  pressure  levels  and  the  afterbody  drag  coefficients,  which 
are  the  sum  of  the  base  and  boattail  drag  coefficients,  are  analyzed. 

Figures  112  through  117  show  how  the  base  pressure  is  affected  by 
the  sting  size.  The  base  pressure  coefficient  increases  with  an  increase 
in  the  value  of  D^/Dj^  for  both  the  circular-arc  and  the  cut-off  B-1  boat- 
tails  at  any  injection  rate.  It  remains  almost  unchanged  for  the  conical 
boattail.  This  happens  because  of  the  separated  boattail  flow  caused  by 
the  high  boattail  angle.  Consequently,  its  value  is  much  lower  than  the 
value  obtained  for  the  other  two  boattails. 

The  base  pressure  values  for  zero  sting  diameter  have  been  obtained 
by  extrapolation  and  are  indicated  with  dash  lines.  They  are  hypothetical 
and  only  indicative  of  the  conditions  that  might  exist  in  the  base  region 
in  absence  of  the  sting. 

Figures  118  through  120  show  the  corresponding  base  drag  coefficients. 
At  m=0,  the  circular-arc  boattail  exhibits  a higher  base  thrust  than  the 
cut-off  B-1,  while  at  m=0.066  the  values  are  reversed  and  practically 
identical  at  m=0.115.  The  conical  boattail  produces  instead  the  highest 

base  drag.  The  base  drag  curves  tend  to  zero  when  D^/Dj^-^l . 

Figures  121  through  126  show  correlations  between  boattail  drag 
coefficient  and  base  pressure  coefficient  with  and  without  mass  injection 
for  different  free-stream  Mach  numbers.  The  correlation  for  the  circular- 
arc  of  Figure  121  exhibits  a higher  negative  slope  than  the  McDonald- 
Hughes  correlation  (Reference  5)  and  is  also  slightly  different  when 
compared  with  the  results  of  Reference  3 (see  Figure  12  of  Reference  3). 
Nevertheless,  the  influence  of  the  mass  injection  is  well  defined. 

Figures  121  and  122  show,  first,  a boattail  drag  decrease  with  small 
injection  rates,  and  then,  an  increase  with  higher  injection  rates  for 
the  circular-arc  boattail.  Figures  123  and  124  show  a continuous  boat- 
tail  drag  increase  with  injection  rates  for  the  cut-off  B-1  boattail  as 
do  Figures  125  and  126  for  the  conical  boattail. 
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Comparing  the  correlations  for  the  three  different  boattail  terminal 
angles,  it  is  observed  that  the  rate  of  boattail  drag  reduction  with 
increasing  base  pressure  diminishes  with  increasing  boattail  terminal  angle. 

The  plots  of  the  afterbody  drag  coefficient  versus  mass  injection  are 
reported  in  Figures  127  through  135.  The  effect  of  boattail  angle  is 
evident  in  these  figures.  As  expected  at  these  high  6 's,  a higher  boattail 
angle  produces  a higher  drag  coefficient  because  of  the  higher  boattail 
shoulder  expansion  and  lower  subsequent  recompression. 

The  conical  boattail  has  the  highest  afterbody  drag  coefficient 
because  of  the  high  3 and  the  occurrence  of  separated  flow,  but  is  the 
most  sensitive  to  mass  injection.  This  injection  produces  considerable 
drag  reduction.  In  Figures  127  and  128,  the  circular-arc  boattail  shows 
a very  small  drag  reduction  with  injection  at  M^=0.8  and  0.85,  while  the 
drag  of  the  cut-off  B-1  increases  rapidly  with  injection.  For  M^=0.95 
(Figure  130),  the  drag  reduction  with  injection  is  sizeable  not  only  for 
the  conical  boattail  but  for  the  circular-arc  as  well.  The  drag  reversal 
with  injection  (decrease-increase)  is  evident  in  all  the  figures.  The 
best  configuration  for  lowest  drag  is  the  circular-arc,  followed  by  the 
cut-off  B-1,  and  then  the  conical  boattail.  The  Reynolds  number  affects 
the  drag  values.  Its  effect  changes  irregularly  with  the  injection 
rates.  No  definite  pattern  is  observed. 

Figures  131  and  132  are  plots  of  afterbody  drag  coefficient  versus 
mass  injection  for  various  sting  sizes.  Again,  the  drag  reversal  with  m 
is  observed.  For  each  boattail  configuration,  the  lowest  drag  coefficient 
is  obtained  with  the  maximum  sting  size.  The  minimum  overall  drag  is 
obtained  for  the  circular-arc  boattail,  which  also  requires  the  lowest 
amount  of  mass  injection  to  reach  this  minimum. 

Figures  133  through  135  present  the  drag  coefficient  values  with  mass 
injection  at  NPR>2.  The  favorable  effect  of  mass  injection  for  the 
circular-arc  and  conical  boattails  decreases  with  increasing  NPR  and  for 
NPR=5.45  the  effect  of  injection  becomes  unfavorable  for  the  circular-arc. 
This  high  NPR  produces  an  adverse  pressure  gradient  which,  when  added 
to  the  one  generated  by  the  injected  flow,  causes  at  times  a separation 
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of  the  boundary  layer  over  the  boattail  and  an  adverse  interference. 

Note  in  Figure  133  that  the  conical  boattail  produces  less  drag  at  M^=0,95 
than  at  M^=0.9  for  NPR=3,62  as  it  was  anticipated  in  Section  III-4,c. 

The  Reynolds  number  effect  on  the  drag  coefficient  for  NPR=2  and 
zero  injection  is  shown  in  Figure  136.  Taking  with  reservation  the  high 
drag  values  for  M^=C.8,  it  is  evident  that  there  is  little  Reynolds 
number  effect  on  the  drag  coefficient.  For  the  circular-arc  and  cut-off 
B-1  boattails  there  is  a slight  increase  in  drag  with  Rej^  while  for  the 
conical  boattail  a slight  decrease. 

Figure  137  is  a plot  of  Cr,  versus  for  NPR=2  and  zero  mass 

^A,s  °° 

injection.  The  rate  of  drag  increase  with  is  less  for  the  conical 
than  for  the  other  boattails  because  of  separation  effects.  The  drag 
values  for  M^=0.8  and  Pp=2,000  psfa  are  too  high.  As  mentioned  before, 
this  is  attributed  to  a defective  pressure  tap.  At  higher  NPR  a decrease 
in  drag  with  is  actually  obtained  for  the  conical  boattail  (Figure  138). 

Figures  139  and  140  show  that  the  increase  of  NPR  considerably 
reduces  the  drag  coefficient  for  any  condition  as  expected.  The  maximum 
decreasing  rate  occurs  between  NPR=4  and  5.  The  increase  of  the  sting 
diameter  also  reduces  the  drag  coefficient  as  illustrated  in  Figures  141 
through  144  for  any  amount  of  mass  injection.  The  reduction  is  considerable. 

Figure  145  finally  shows  the  predicted  increasing  drag  coefficient 
trend  with  boattail  terminal  angle  for  NPR=2  and  M^=0.8  to  0.9.  For 
M^=0.95  the  drag  coefficient  increases  up  to  6^=20°  but  then  decreases 
because  of  the  separation  effects  of  the  conical  boattail  which  were 
discussed  earlier.  At  higher  NPR,  the  beneficial  effects  due  to  the 
injection  in  the  separated  region  over  the  conical  boattail  are  felt  at 
M^=0.9  as  well  as  M^=0.95.  Consequently  the  drag  values  drop  considerably 
for  6^=25°. 
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SECTION  IV 
CONCLUSIONS 

An  experimental  investigation  of  the  effects  of  boattail  mass  in- 
jection and  jet  flow  on  the  transonic  afterbody  drag  of  a slender  body 
of  revolution  at  zero  angle  of  attack  has  been  performed. 


The  conclusions  are: 

1.  A correlation  between  sting,  used  as  jet  simulator,  and 
corresponding  jet  diameter  has  been  established. 

2.  The  jet  plume  and  the  nozzle  pressure  ratio  simulations  by  the 
sting-frustum  combination  have  been  found  appropriate  and  useful  and  are 
considered  a good  testing  technique. 

3.  Small  rates  of  boattail  mass  injection  in  general  produce  a 
drag  coefficient  reduction  and  are  more  effective  at  high  nozzle  pressure 
ratios  for  the  circular-arc  and  conical  boattails.  For  the  cut-off  B-1 
boattail,  mass  injection  increases  the  drag  levels  in  the  present  set-up. 
This  boattail  shape  should  not  be  used  in  conjunction  with  injection, 

in  this  fashion.  It  is  suggested  that  the  injection  port  location 
should  be  reexamined  in  light  of  the  present  results  and  eventually 
replaced. 

4.  Mass  injection  is  more  effective  in  zones  of  separated  flow. 

5.  For  the  boattail  angle  range  used  in  the  present  report  the 
afterbody  drag  increases  with  boattail  angle  provided  the  boattail  flow 
remains  attached. 

6.  The  conical  boattail  has  the  highest  afterbody  drag  coefficient 
for  M^=0.8  to  0,9,  NPR=2  and  no  injection,  but  is  the  most  sensitive  to 
mass  injection  which  produces  considerable  drag  reduction.  For  M^=0,95 
the  cut-off  B-1  boattail  exhibits  the  highest  drag  coefficient;  the  same 
is  true  when  mass  injection  is  considered  at  NPR>2.  In  general,  the 
circular-arc  boattail  gives  the  lowest  drag  values. 
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7.  The  Reynolds  number  has  a negligible  effect  on  the  drag 
coefficient  at  NPR=2  and  zero  injection.  At  higher  NPR  and  injection 
rates  the  Reynolds  number  affects  the  boattail  pressure  distribution  of 
the  conical  boattail.  The  boattail  flow  seems  to  be  attached  at  low 
Reynolds  number, 

8.  An  increase  in  Mach  number  produces  a drag  coefficient  increase 
for  all  boattails  at  NPR=2,  At  higher  NPR  values,  the  drag  coefficient 
increases  with  increasing  M for  the  circular-arc  and  cut-off  B-1  boat- 
tails  but  decreases  for  the  conical  boattail, 

9.  Concentrating  the  injection  ports  near  the  boattail  shoulder 
attenuates  the  expansion  at  that  location  and  produces  a drag  reduction 
for  the  circular-arc  and  conical  boattails, 

10,  The  nozzle  pressure  ratio  is  very  effective  in  changing  the 
afterbody  drag.  An  increase  in  NPR  produces  a substantial  decrease  in 
drag  for  all  boattails, 

11,  Increasing  the  diameter  of  the  sting,  which  simulates  an  increase 
in  jet  diameter,  reduces  the  afterbody  drag  for  all  boattails. 
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TABLE  1 

PRESSURE  TAPS  AND  INJECTION  ROWS  LOCATION  I 

CIRCULAR  ARC  BOATTAIL  PRESSURE  TAPS  | 

INJECTION  ROWS  I 

INJECTION  ROWS  AT 
X - 0.756" 

X » 1.135" 


CUT-OFF  B-1  BOATTAIL 


INJECTION  ROWS  AT 
X *=  0.322" 

X - 0.643" 

X ■=  0.965" 


CONICAL  BOATTAIL 


INJECTION  ROWS. AT 
X - 0.25" 

X " 0.45" 

X - 0.65" 


NUMBER 

X (INCHES) 

1 

FIXED  CYLINDER 

2 

0.236 

3 

0.436 

4 

0.636 

5 

0.836 

6 

BASE 

7 

BASE 
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NUMBER 

X (INCHES) 

1 

FIXED  CYLINDER 

2 

0.10 

3 

0.25 

4 

0.50 

5 

0.75 

6 

1. 00 

7 

1.25 

8 

1.50 

9 

1.75 

10 

1.85 

11 

BASE 

12 

BASE 

NUMBER 

X (INCHES) 

1 

FIXED  CYLINDER 

2 

0.10 

3 

0,25 

4 

0.50 

5 

0.75 

6 

1.00 

7 

1.25 

8 

1.50 

9 

1.75 

10 

1.80 

11 

2.00 

12 

2.25 

13 

2.50 

14 

2.75 

15 

BASE 

16 

BASE 
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TABLE  3 

BASE  PRESSURE  COEFFICIENT  VARIATION  WITH  NOZZLE  PRESSURE  RATIO 

H (In.)  D (in.)  D.  (in.)  AC„  NPR 

5 J Pk 


AC, 

Pb 

NPR 

0.02873 

3.61 

0.02932 

3.62 

0.03015 

3.64 

0.03051 

3.65 

0.04048 

4.26 

0.04131 

4.28 

0.04203 

4.30 

0.04309 

4.41 

0.08257 

5.42 

0.08458 

5.45 

0.08650 

5.48 

0.08788 

5.51 

0.02653 

3.60 

0.02712 

3.61 

0.02795 

3.63 

0.02831 

3.63 

0.03828 

4.13 

0.03911 

4.14 

0.03983 

4.15 

0.04089 

4.17 

0.08037 

5.15 

0.08238 

5.18 

0.08430 

5.22 

0.08568 

5.24 

0.01788 

3.69 

0.01847 

3.70 

0.01930 

3.82 

0.01966 

3.83 

0.02963 

4.30 

0.03046 

4.32 

0.03118 

4.34 

0.03224 

4.37 

0.07172 

5.38 

0.07373 

5.42 

0.07565 

5.45 

0.07703 

5.48 

CIRCULAR 

ARC 

BOATTAIL 


CUT-OFF 
• B-l 

BOATTAIL 


CONICAL 

BOATTAIL 


Diagram  1.  Flow  Data  Diagram 
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• = INJECTION  PORTS 
<■  = STATIC  PRESSURE  TAP 


r“'o  = ' 


a.  = CIRCULAR  ARC  BOATTAIL  b.  = CUT-OFF  B-I  BOATTAIL 
c.  =25°  CONICAL  BOATTAIL 


Figure  2.  Boattail  Coordinates,  Pressure  Taps,  and  Injecti 
Port  Location 
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Figure  3a.  Trisonic  Gasdynamic  Facility  (TGF)  2'  Wind  Tunnel  Test  Section 
Sting  Mounted  Circular-Arc  Botttail 
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Figure  4a.  Close-up  of  2'  Tunnel  Test  Section 
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Figure  5a.  Cone  Frustum  - Jet  Plume  Simulator  at  Ji=4" 
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Figure  9.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,0,  Dr=l" 
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Figure  10.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  Dr=l" 
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Figure  12.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  0^=1" 


36 


AFFDL-TR-78-57 


SYMBOL 

NPR 

M 

uo 

Pjj{psfa) 

'iL 

m{  1 bm/s_ecj 

-o- 

2.0 

.80 

3000 

12.4  X 

10^ 

0.000 

2.0 

.80 

3000 

12.4  X 

10® 

0.033 

<3> 

2.0 

.80 

3000 

12.4  X 

10® 

0.066 

- -£r  - 

2.0 

.80 

3000 

12.4  X 

10® 

0.115 

CIRCULAR  ARC  BOATTAIL 


AFFDL-TR-78-57 


SYMBOL 

NP_R 

M 

QO 

PgiRsfa) 

"iL 

in(1bm/sec) 

”«,s 

-o- 

2.0 

.85 

3000 

12.7  X 

10^ 

0.000 

.06424 

.06849 

0.242 

2.0 

.85 

3000 

12.7  X 

10® 

0.034 

.06325 

.06745 

0.242 

2.0 

.85 

3000 

12.7  X 

10® 

0.068 

.06506 

.06927 

0.242 

2.0 

.85 

3000 

12.7  X 

10® 

0.115 

.07037 

.07452 

0.242 

CIRCULAR  ARC  BOATTAIL 


y 


Figure  14.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  02=1" 
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Figure  15.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  03=!" 
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Figure  16.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  0^=1" 
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Figure  17.  Reynolds  Number  Effect  on  Boattail  and  Base  Pressure 
Coefficients 
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Figure  24.  Mass  Injection  Effect,  on  Boattail  and  Base  Pressure 

Coefficients  for  a Different  Injection  Location  and  Area 
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Figure  26.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  27.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  28.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  30.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  40.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  D,.>1" 
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Figure  42.  Sting  Size  Effect  on  Boattail  and  Base  Pressure  Coefficients 
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Figure  45.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  Dc=l" 
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Figure  52.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  Dr=T' 
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Figure  54.  Reynolds  Number  Effect  on  Boattail  and  Base  Pressure 
Coefficients 
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Figure  55.  Reynolds  Number  Effect  on  Boattail  and  Base  Pressure 
Coefficients 


AFFDL-TR-78-57 


lYMRni  NPR  m(l  bm/sec ) 9.{iR.) 


'"AD-AObl  37b  AIR  FORCE  FLIGHT  DYNAMICS  LAB  WRIGHT-PATTERSON  AFB  OHIO  F/G  20/4 

MASS  INJECTION  AND  JET  FLOW  SIMULATION  EFFECTS  ON  TRANSONIC  AFT— ETC (U) 
JUN  78  W CALARESEr  R E WALTER ICK 

UNCLASSIFIED  AFFDL-TR-78-57  NL 


AO 

Aoei378 


— o — 

2.0 

.90 

2000 

8.7 

X 

10'' 

0.000 

.07629 

.07366 

0.464 

-0- 

2.0 

.90 

2000 

8.7 

X 

10® 

0.062 

.07686 

.07378 

0.464 

2.0 

.90 

2000 

8.7 

X 

10® 

0.114 

.07895 

.07526 

0.464 

CUT-OFF 
B-l  BOATTAIL 


0.0  1.0  2.0 


X(in.) 


Figure  73.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  D^>1" 
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Figure  84.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2.0,  Dg=l" 
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Figure  86,  Reynolds  Number  Effect  on  Boattail  and  Base  Pressure 
Coefficients 
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Figure  91.  Mach  Number  Effect  on  Boattail  and  Base  Pressure 
Coefficients 
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Figure  93.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  100.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  102.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR>2 
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Figure  103.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  Dj>l" 
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Figure  104.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  D2>1" 
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Figure  106.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  Dj>l" 
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Figure  107.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  D^>1" 
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Figure  108.  Mass  Injection  Effect  on  Boattail  and  Base  Pressure 
Coefficients  for  NPR=2,  Dj^l" 
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Figure  110.  Sting  Size  Effect  on  Boattail  and  Base  Pressure 
Coefficients 
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Figure  112.  Base  Pressure  Coefficient  Variation  With  Sting  Size 
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Figure  118.  Base  Drag  Coefficient  Variation  With  Sting  Size 
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Figure  119.  Base  Drag  Coefficient  Variation  With  Sting  Size 
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Figure  128.  Afterbody  Drag  Coefficient  Variation  With  Mass  Injection 
for  Different  Reynolds  Numbers,  and  NPR=2 
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Figure  129.  Afterbody  Drag  Coefficient  Variation  With  Mass  Injection 
for  Different  Reynolds  Numbers,  and  NPR=2 
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Figure  132.  Afterbody  Drag  Coefficient  Variation  With  Mass  Injection 
for  Different  Sting  Sizes 
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